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It is commonly believed that grand unified theories (GUTs) predict proton decay. This is because
the exchange of extra GUT gauge bosons gives rise to dimension 6 proton decay operators. We show
that there exists a class of GUTs in which these operators are absent. Many string and supergravity
models in the literature belong to this class.
INTRODUCTION
Grand unified theories (GUTs) are a hypotheti-
cal framework that unifies three out of four known
forces, electromagnetism, the weak force and
strong interactions in a larger symmetry group
GGUT. The perhaps greatest virtue of GUTs
is that they provide a compelling explanation of
the structure and quantum numbers of standard
model (SM) matter. In SU(5), the lepton doublets
` and d–type quarks d¯ get combined in 5–plets
while the remaining three representations of a
generation, i.e. q, u¯ and e¯, transform as a 10–plet.
It is commonly believed that the most compelling
“smoking gun” signature of GUTs is proton de-
cay. This is because GUTs are endowed with ex-
tra “X” gauge bosons from the coset SU(5)/GSM,
where GSM = SU(3)C×SU(2)L×U(1)Y is the SM
gauge group. These gauge bosons mediate transi-
tions between ` and d¯ as well as q, u¯ and e¯, thus
inducing dimension 6 proton decay operators (cf.
Figure 1).
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FIG. 1. Proton decay operator of dimension 6.
The traditional approach is to break the GUT
symmetry spontaneously [1, 2]. However, the
framework of supersymmetric grand unification
(SUSY GUTs) typically suffers from too rapid
proton decay (see e.g. [3, 4]). More specifi-
cally, the exchange of the SU(5) partners of the
electroweak Higgs doublets, the so–called Higgs
triplets, leads to dimension 5 proton decay op-
erators [5, 6]. These induce the decay mode
p → K+ ν¯ (see Figure 2). That is, generically
SUSY GUTs predict this proton decay signature.
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FIG. 2. Proton decay operator of dimension 5. Here,
H˜, q˜ and ˜` stand for the superpartners of the Higgs
and the quark and lepton doublets.
This mode can be eliminated by either the
Babu–Barr mechanism [7] or by going to higher
dimensions. Specifically, in the so–called orbifold
GUTs [8, 9], this mode is automatically absent
[10]. As is well known, the dimension 4 operators
can be forbidden by R parity [11]. One is then
left with the dimension 6 proton decay, which is
induced by gauge bosons transforming in the coset
SU(5)/GSM, and thus believed to be the smoking
gun signature of unification. The purpose of this
Letter is to show that these dimension 6 oper-
ators are also absent in a class of grand unified
theories in which the GUT symmetry gets broken
non–locally in extra dimensions.
HIGHER–DIMENSIONAL MODELS OF
GRAND UNIFICATION
Higher–dimensional models of grand unification
decompose into two classes, models with local
and models with non–local GUT symmetry break-
ing. Models with local GUT symmetry break-
ing comprise the traditional orbifold compactifi-
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2cations of the heterotic string [12–20] (see [21–
23] for reviews) as well as orbifold GUTs. On
the other hand, models with non–local GUT sym-
metry breaking include Calabi–Yau compactifica-
tions (see [24–29] for models that come very close
to the SM) as well as field–theoretic construc-
tions [30–33] and some orbifold compactification
of the heterotic string [34, 35], which have only
been explored more recently.
To illustrate our main points, let us start
by looking at one extra dimension, which is
parametrized by y ∈ F = [0, 2pi R]. Take an SU(5)
GUT where the gauge bosons are free to propa-
gate in a fifth dimension. Furthermore, we assume
nG generations of quarks and leptons transform-
ing as 5⊕ 10. In our discussion, we focus on the
matter 5–plets of the first two generations and
denote them by
Ψi(x, y) =
(
`i(x, y)
di(x, y)
)
(i = 1, 2) . (1)
Local GUT breaking
We first discuss models with “local breaking”,
where nG = 3, using the example of an S
1/(Z2 ×
Z2) orbifold [8, 9]. Here the SM matter is local-
ized at fixed points with a GUT symmetry (see
Figure 3). Therefore, the fields have to appear in
complete GUT multiplets. The GUT symmetry
gets broken at the other fixed point, and the zero
modes of the X bosons get projected out. There-
fore, the profile of the X bosons is non–trivial at
the points at which matter is localized. As a con-
sequence, the Kaluza–Klein modes of the extra
gauge bosons X ⊂ SU(5)/GSM mediate between
d–type quarks and lepton doublets within each
Ψi(x, y) field. That is, there are effective interac-
tions of the form
Leff ⊃
∫
dy g5D
nG∑
i=1
`i(x, y) γ
µXµ(x, y) di(x, y) ,
(2)
where g5D denotes the 5D gauge coupling and γ
µ
the 4D γ–matrices. Here the X bosons have a
mass of the order of MGUT.
In summary, in models with local GUT sym-
metry breaking the structure of SM matter gets
explained by a local GUT symmetry. Like con-
ventional four–dimensional GUT models, these
constructions predict dimension 6 proton decay
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FIG. 3. Local SU(5) grand unification in 5D. SM mul-
tiplets are localized at points with an SU(5) GUT
symmetry. The bulk symmetry Gbulk gets broken
locally to SU(5) and G′, and the low–energy gauge
group is the intersection of these groups in Gbulk, i.e.
GSM = SU(5) ∩ G′ (cf. [36]). The profile of the mas-
sive X bosons is non–trivial at the points where the
SM matter lives.
p → e+ pi0. However, unlike in most of the con-
ventional SUSY GUTs, here the dimension 5 pro-
ton decay mode is absent.
Non–local GUT breaking
Let us now switch to settings in which the SU(5)
symmetry gets broken non–locally. To illustrate
our points, matter fields are now assumed to be lo-
calized in the fifth dimension, see Figure 4. Later,
when we present a stringy completion, we will dis-
cuss an orbifold compactification of the heterotic
string, where the corresponding states are local-
ized at some fixed planes. We start in the “up-
stairs picture” with a setting exhibiting nG = 6
generations of quarks and leptons, and focus on
two generations of matter 5–plets Ψi(x, y) for
i = 1, 2.
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FIG. 4. Matter fields in the fifth dimension
parametrized by y. Under the action of τ , Ψ1 and
Ψ2 get identified.
In the next step, we break the SU(5) GUT
group non–locally to GSM by a so–called freely–
acting Z2 with associated Wilson line. In our ex-
ample, the freely–acting Z2 acts as a translation
that, from a 5D point of view, identifies points
3in the y–direction which differ by τ = pi R, i.e.
y ∼ y + τ .
In addition to the geometrical Z2 action, due
to the presence of the Wilson line, the SU(5)
gauge bosons Aµ(x, y) are subject to the non–
trivial boundary condition
Aµ(x, y) 7→ Aµ(x, y + τ) != P Aµ(x, y)P−1 .
(3)
Here Aµ(x, y) = Aµa(x, y)Ta with SU(5) genera-
tors Ta and
P = diag(−1,−1,+1,+1,+1) (4)
with P 2 = 1. This Z2 boundary condition
projects out the zero modes of the extra gauge
bosons X ⊂ SU(5)/GSM, and, hence, breaks
SU(5) to GSM.
In addition, the freely–acting translation by τ
identifies the two fields Ψ1(x, y) and Ψ2(x, y). We
therefore obtain a non–trivial Z2 boundary con-
dition for the matter 5–plets Ψi(x, y), i.e.
Ψ1(x, y)
τ7−→ Ψ1(x, y + τ) != P Ψ2(x, y) . (5)
Then, the d–type quark and the lepton doublet
of the first SM generation are given by the Z2
invariant linear combinations
`(x, y) =
1√
2
[`1(x, y)− `2(x, y)] , (6a)
d(x, y) =
1√
2
[
d1(x, y) + d2(x, y)
]
. (6b)
The orthogonal field directions
`(⊥)(x, y) =
1√
2
[`1(x, y) + `2(x, y)] , (7a)
d
(⊥)
(x, y) =
1√
2
[
d1(x, y)− d2(x, y)
]
, (7b)
are projected out in 4D. Thus, two “upstairs” gen-
erations of matter 5–plets are combined to the
d–type quark and the lepton doublet of the first
SM generation. Repeating these steps for nG = 6
generations of 5⊕10 yields the SM with three gen-
erations. In particular, the matter still furnishes
complete SU(5) representations!
The interactions of the first generation’s d–type
quark and the lepton doublet with the X boson,
Equation (2), reads in the new field basis
Leff ⊃
∫
dy g5D
[
`(x, y) γµXµ(x, y) d
(⊥)
(x, y)
+ `
(⊥)
(x, y) γµXµ(x, y) d(x, y)
]
. (8)
There is no interaction of the physical d quark and
the lepton doublet, i.e. Leff 6⊃ ` γµXµ d. Hence,
the dimension 6 proton decay operator, which
usually arises from integrating out the X bosons
in Figure 1, does not appear.
The absence of the dimension 6 proton decay
operator can also be understood in terms of a Zτ2
symmetry that acts on quarks, leptons and the
extra gauge bosons as
`(x, y)
Z
τ
27−−−→ + `(x, y) , (9a)
d(x, y)
Z
τ
27−−−→ + d(x, y) , (9b)
Xµ(x, y)
Z
τ
27−−−→ −Xµ(x, y) . (9c)
However, this symmetry does not imply that the
profiles of the X bosons vanish in the regions
where SM matter lives.
A STRINGY COMPLETION
Let us now study a string–derived setup that
realizes the scenario of non–locally broken GUTs
discussed above. We consider a T6/(Z2 ×Z2) or-
bifold compactification of the heterotic string as
discussed in [37]. A more detailed description of
the model will be presented elsewhere [38]. The
actual orbifold model has six compact dimensions,
but it is sufficient to study three of the extra di-
mensions ~y = (y2, y4, y6)
T ∈ R3 in order to un-
derstand the non–local breaking.
The Z2 × Z2 twists θ and ω act as
(y2, y4, y6)
θ7−−→ (y2,−y4,−y6) , (10a)
(y2, y4, y6)
ω7−−→ (−y2, y4,−y6) . (10b)
In a first step, these twists act on an orthogonal
three–torus T3 spanned by
~e2 = (2pi R2, 0, 0)
T
, (11a)
~e4 = (0, 2pi R4, 0)
T
, (11b)
~e6 = (0, 0, 2pi R6)
T
. (11c)
In a second step, we include a freely–acting trans-
lation
~τ =
1
2
(~e2 + ~e4 + ~e6) , (12)
which renders T3 non–factorizable, and yields a
non–trivial fundamental group pi1 = Z2 for the
resulting orbifold.
The model is constructed in such a way that
prior to the action of ~τ the SU(5) gauge bosons
4Aµ survive the orbifold projection. This amounts
to requiring the boundary conditions
Aµ(x, ~y + ni ~ei) = A
µ(x, ~y) , (13a)
Aµ(x, θk ω` ~y) = Aµ(x, ~y) , (13b)
where ni ∈ Z and k, ` ∈ {0, 1}. Next, SU(5) is
broken to GSM by the freely–acting translation.
In order to achieve this, we choose a gauge em-
bedding of ~τ , i.e. the Wilson line, such that the
boundary condition for the extra gauge bosons
X ⊂ SU(5)/GSM reads
Xµ(x, ~y + ~τ) = −Xµ(x, ~y) , (14)
cf. Equation (3). In particular, this removes the
zero modes of the X bosons.
The combined action of lattice translations (11)
and twists (10) leaves planes fixed. These fixed
planes are determined by
θk ω` ~yf + ni ~ei = ~yf . (15)
There are twelve solutions of this equation,
k = 0 , ` = 1 and n2 , n6 ∈ {0, 1} , (16a)
k = 1 , ` = 0 and n4 , n6 ∈ {0, 1} , (16b)
k = 1 , ` = 1 and n2 , n4 ∈ {0, 1} , (16c)
which we label by ~yf
(α), α = 1, . . . , 12. On these
planes, one finds six generations of localized SM
matter sitting in SU(5) multiplets. The X boson
wave function, which satisfies (13) and (14), does
not vanish on the fixed planes where the matter is
located. Therefore, one may na¨ıvely expect that
interaction terms of the form of (2) induce gauge–
mediated proton decay.
However, a universal feature of models with
non–local GUT breaking is that there are 3n
copies of matter in the upstairs picture. These
get identified by the freely acting symmetry of or-
der n, thus reducing the number of generations to
three. Specifically, in our construction, there are
three pairs of matter fields sitting on three pairs
of distinct fixed planes. Under the action of the
freely–acting translation ~τ , the fixed plane ~yf
(α)
gets mapped to ~yf
(β),
~yf
(α) ~τ7−−→ ~yf(β) ⇔ ~yf(β) = ~yf(α) + ~τ . (17)
Thus, ~yf
(α) and ~yf
(β) get identified, and, analogous
to (6) only the ~τ–invariant linear combinations
of the fields localized at ~yf
(α) and ~yf
(β) survive the
projection conditions. This reduces the number of
SM generations from six to three. The Wilson line
is such that it reproduces (4) for the SU(5) rep-
resentations. Hence, the ~τ–invariant linear com-
binations for quarks and leptons come either with
+ or −, cf. (6). Consequently, as in the scenario
discussed in the 5D toy–example, the dimension
6 proton decay operators do not get induced.
SUMMARY
We have discussed grand unified models in
which the GUT symmetry gets broken non–
locally, and found that there the dimension 6
proton decay operators are absent. Nevertheless,
these settings do explain the structure of matter,
i.e. the SM fermions are guaranteed to appear in
complete GUT multiplets. That is to say, the
constructions exhibit the main virtues of grand
unified theories but do not predict proton decay,
which was believed to be the smoking gun signal
of grand unification.
As we have mentioned, many existing string
and supergravity models belong to this class. In
other words, the absence of proton decay does not
concern some exotic type of constructions, but
some of the most promising string compactifica-
tions known to date. Turning this around, one
could say that proton decay experiments can give
us invaluable insights on how the SM is completed
in the ultraviolet. If the mode p→ K+ ν¯ was ob-
served, this would point towards four–dimensional
SUSY GUTs. On the other hand, if this mode
gets even further constrained, one is led to higher–
dimensional models of grand unification, or non–
supersymmetric GUTs. If one would see the de-
cay p→ e+ pi0 with a rate of about 1/(1035 y), this
would strongly favor settings in which the GUT
symmetry gets broken locally. However, if one
does not observe this decay, this would point to-
wards models of non–local grand unification.
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